Abstract. The effects of pelvic asymmetry and idiopathic scoliosis on postural balance during sitting were studied by measuring inclination angles, pressure distribution, and electromyography. Participants were classified into a control group, pelvic asymmetry group, scoliosis group, and scoliosis with pelvic asymmetry and then performed anterior, posterior, left, and right pelvic tilting while sitting on the unstable board for 5 seconds to assess their postural balance. Inclination and obliquity angles between the groups were measured by an accelerometer located on the unstable board. Pressure distribution (maximum force and peak pressure) was analyzed using a capacitive seat sensor. In addition, surface electrodes were attached to the abdominal and erector spinae muscles of each participant. Inclination and obliquity angles increased more asymmetrically in participants with both pelvic asymmetry and scoliosis than with pelvic asymmetry or scoliosis alone. Maximum forces and peak pressures of each group showed an asymmetrical pressure distribution caused by the difference in height between the left and right pelvis and curve type of the patients' spines when performing anterior, posterior, left, and right pelvic tilting while sitting. Muscle contraction patterns of external oblique, thoracic erector spinae, lumbar erector spinae, and lumbar multifidus muscles may be influenced by spine curve type and region of idiopathic scoliosis. Asymmetrical muscle activities were observed on the convex side of scoliotic patients and these muscle activity patterns were changed by the pelvic asymmetry. From these results, it was confirmed that pelvic asymmetry and idiopathic scoliosis cause postural asymmetry, unequal weight distribution, and muscular imbalance during sitting.
Introduction
Idiopathic scoliosis is an abnormal curvature of the spine in the coronal plane. It has been reported that approximately 4% of adolescents between the ages of 10 and 18 have idiopathic scoliosis [1] [2] [3] . However, its pathogenesis remains unknown. Seze and Cugy [4] identified existing pathogenetic hypotheses by categorizing them within intrinsic and extrinsic factors and suggested the initial asymmetry of the body during growth phases may affect progression of adolescent idiopathic scoliosis (AIS). Aggravated scoliosis due to the effect of initial asymmetry of the spine has been associated with leg length inequality which can cause pelvic obliquity and tilting [5] [6] [7] . Previous studies discovered that asymmetrical leg lengths and abnormal curvature of the spine leads to altered trunk motion, postural control problems, muscle imbalance, and lesser stability than healthy subjects. Gerney [8] suggested leg length discrepancy leads to increasing several muscle activity and postural sway while quiet standing. Al-Eisa, et al. [9] confirmed that pelvic inequality alters the patterns of trunk movement and mechanics of the spine. Bussey [10] reported asymmetrical loading related flexed and rotated trunk motion can influence greater prevalence of pelvic asymmetry from the results in previous studies. Nault, et al. [11] and Sahli, et al. [12] identified decreased postural stability associated with spinal deformity during standing. Odermatt, et al. [13] found differences in muscle activity between the concave and convex sides of the spine by assessing electromyography (EMG) signals in the trunk muscles of AIS patients.
Generally, curve types of scoliosis are classified as C-shaped and S-shaped based on the direction and location of spinal deformity [14] . C-shaped and S-shaped curves refer to a single and double curve, respectively, in the thoracic, lumbar, or thoracolumbar region. These curve types are connected to asymmetrical rotation, elevation, and tilting of the pelvis which can cause various pain-related symptoms. Timgren and Soinila [15] investigated the association between leg length differences, pelvic asymmetry, and scoliosis based on clinical examination results and concluded that asymmetrical postural balance was correlated with convexity and concavity of the spinal curve. Shamberger [16] described the connection between asymmetrical alignment of the lower extremities and compensatory curvatures of the spine.
It is crucial to investigate the correlation between pelvic asymmetry and scoliosis in adolescents to prevent progression of the deformity because asymmetrical structure of the pelvis with abnormal curvature of the spine plays a fundamental role in the development of scoliosis. Idiopathic scoliosis occurs during adolescence, and adult scoliosis (degenerative scoliosis) is thought to be directly associated with untreated idiopathic scoliosis [14] . There has been extensive research on balance problems and abnormal muscle contractions on the convex side of the spine during standing and walking; however, there is no known study on how pelvic inequality affects postural balance, body pressure, and muscle function of patients with adolescent idiopathic scoliosis during sitting.
The purpose of this study was to determine the influence of pelvic asymmetry and idiopathic scoliosis in adolescents on postural balance by measuring inclination angles, pressure distribution, and muscle activation patterns in the frontal and sagittal planes during sitting. 
Experimental methods

Subjects
The 32 subjects who participated in this study were recruited from the Department of Rehabilitation Medicine of Chungnam National University Hospital in Daejeon, South Korea. All subjects and their parents provided written informed consent prior to their voluntary participation. Subjects were classified into six groups, as shown in Figure 1 . The control group (CG) consisted of 8 adolescents with normal spinal X-rays and no previous spinal disorders. The asymmetry-on-the-left-pelvis group (ALPG) consisted of 6 adolescents with increased height of the left pelvis and a difference of length between the legs of 12.09±4.39 mm. The asymmetry-on-the-right-pelvis group (ARPG) consisted of 6 adolescents with increased height of the right pelvis and a difference of length between the legs of 8.52±1.73 mm. The scoliosis group (SG) consisted of 6 adolescents with C-shaped lumbar or thoracolumbar curves to the left convex side defined by a cobb angle between 10°and 19°and no previous conservative or surgical treatment for the scoliosis. The scoliosis-with-asymmetry-on-theleft-pelvis group (SALPG) and scoliosis-with-asymmetry-on-the-right-pelvis group (SARPG) consisted of 6 adolescents with C-shaped curves ranging from 10° to 21°to the left convex side and a difference of height of the pelvis of 7.08±1.18 mm and 10.14±4.42, respectively. The mean age, height, and body weight of the participants was 13.57±1.65 years, 146.1±6.23 cm, and 47.67±5.75 kg, respectively.
Experimental instruments
Inclination and obliquity angles between the groups were assessed by using an unstable board in the shape of a hemisphere. This board consisted of an accelerometer and photo sensors for detecting inclination angles in the frontal and sagittal planes. The curvature radius structure of this board was designed to incline in the anterior, posterior, left, and right direction according to pelvic movements [17] . The accuracy and reliability of the results from this board were confirmed in a previous study [18] . Differences in pressure distribution among each group during sitting was measured by a Pliance seat sensor system (Novel Gmbh., Munich, Germany), which contained 256 capacitive sensors, sampled at a rate of 50 Hz, in a 16 × 16 matrix. Data were transferred using a Bluetooth connection and then recorded on a computer.
Electromyography (EMG) signals were recorded using an 8-channel wireless Noraxson Telemyo 2400T System (Noraxson Inc., Scottsdale, USA). Surface electrodes were attached to the trunk muscles (external oblique, thoracic erector spinae, lumbar erector spinae, and lumbar multifidus muscles) bilaterally after shaving the skin in the corresponding area and cleansing it with alcohol to reduce skin resistance [19, 20] .
Procedure
All subjects were instructed to perform anterior, posterior, left, and right pelvic tilt with their arms crossed on the contra-lateral shoulder during sitting on the unstable board to measure their postural balance, pressure distribution, and muscle activity pattern. The unstable board was located in the center of a stool which was used to remove the influence of structure and material of the chair on pelvic movements. Additionally, a foot support was employed to adjust the knee and ankle angle at 90°t o prevent leg movements from effecting pelvic tilting. Subjects kept the anterior, posterior, and lateral pelvic tilt pose for 5 seconds and then took a 5 minute rest between experiments, as shown in Figure 2. 
Data analysis
Pelvic inclination and obliquity angles according to pelvic tilting in the frontal and sagittal planes were analyzed at 100 Hz sampling rate by using a program written in LabVIEW (National Instruments Co., Texas, USA). Pressure distribution data were subdivided into two regions of masks (left and right sides) due to the structure of the unstable board. These data were analyzed for maximum force and peak pressure by using Novel software (Novel Gmbh., Munich, Germany). MyoResearch Master XP 1.07 (Noraxson Inc., Scottsdale, USA) was used to analyze the contractions of the trunk muscles. All EMG signals were amplified, bandpass filtered (passband 20-450 Hz), notch-filtered at 60 Hz, and then sampled at 1000 Hz. To normalize the difference of the magnitude of muscle contractions, it was expressed as a percentage relative to the maximum voluntary contraction (MVC). Two MVC trials were conducted to obtain the maximal EMG of abdominal (external oblique) and erector spinae (thoracic erector spinae, lumbar erector spinae, and lumbar multifidus) muscles. Subjects were asked to lift their upper trunk from the floor for maximal isometric extension and flexion for five seconds in three measurements, respectively. An assistant on the anterior side of the patients applied an external load to the chest and scapulae, and a second assistant held the participant's ankles to stabilize the trunk position [21] .
Statistical analysis was performed using SPSS PASW statistics 18 (SPSS Inc., Chicago, USA). A ttest was used to examine the differences in inclination angle, pressure distribution, and muscle activation patterns between anterior, posterior, left, and right, at the p < 0.05 level. Comparisons were also made for measured variables in experimental results between the groups by using one-way ANOVA with Post Hoc Scheffé test, at the p < 0.05 level. Figure 3 illustrates the inclination and obliquity angles between the groups according to anterior, posterior, left, and right pelvic tilting. As compared with inclination angles among CG, ALPG, ARPG, and SG, the angle results of ALPG, ARPG, and SG were tilted significantly to the posterior when performing anterior and posterior tilting during sitting (p < 0.05). In contrast, there were significant increases in inclination angles to the anterior in the SALPG and SARPG (p < 0.05). During left and right pelvic tilting, the obliquity angles in the ARPG, SG, SALPG, and SARPG increased significantly on the left side, while lateral tilting angles of the ALPG decreased significantly on the left side (p < 0.05 and p < 0.05, respectively). In addition, there were significant differences in angle variations between the ALPG, SALPG and SARPG when performing anterior and left pelvic tilts during sitting (p < 0.05).
Results
Inclination and obliquity angle
Pressure distribution
Comparisons of pressure distribution between the groups are presented in Figure 4 . Maximum forces and peak pressures of the ALPG and SALPG increased on the right side, while pressure distribution of the ARPG, SG, and SARPG decreased on the right side when performing lateral pelvic tilting during sitting. There were no significant differences in pressure distribution between the six groups. 
Muscle activity
Differences in external oblique and thoracic erector spinae muscle activities between the left and right sides during anterior, posterior, left, and right tilting are presented in Figures 5 and 6 . In external oblique muscles, the muscle activities of the ALPG and SALPG were less on the right side than the left side, while the muscle activities of the ARPG, SG, and SARPG increased on the right side when performing anterior, posterior, left, and right tilting during sitting. There were no significant differences in the muscle activities between both sides or between the groups. In terms of thoracic erector spinae muscles, muscle activities of the ALPG, SG, and SALPG increased on the left side, whereas the opposite tendency was observed in the ARPG and SARPG. In particular, there were significant differences in muscle activities between the left and right sides of the thoracic erector spinae muscles in the ALPG (right tilting), ARPG (left tilting), SG (right tilting), SALPG (anterior, posterior, left, and right tilting), and SARPG (left and right tilting) (p < 0.05). In contrast, muscle activity patterns of the lumbar erector spinae and lumbar multifidus muscles were different from the results of the external oblique and thoracic erector spinae muscle activities, as shown in Figures 7 and 8 . In the lumbar erector spinae muscles, the muscle activities of the ALPG and SALPG increased on the right side more than the left side, while muscle activities of the ARPG, SG, and SARPG decreased on the right side when performing pelvic tilting during sitting. There were significant differences in muscle activity between the left and right sides of the lumbar erector spinae muscles in the ARPG (right tilting), SG (left tilting), SALPG (posterior, left, and right tilting), and SARPG (left and right tilting) (p < 0.05). In addition, significant differences in muscle activities between the groups were observed in the right side of lumbar erector spinae muscles when performing posterior and right pelvic tilting during sitting (p < 0.05). In terms of lumbar multifidus muscles, the muscle activities of the ALPG and SALPG were reduced on the left side, whereas muscle activities of the ARPG, SG, and SARPG increased on the left side. There were significant differences in muscle activities between the left and right sides of the lumbar multifidus muscles in the ALPG (left tilting), SALPG (anterior, posterior, left, and right tilting), and SARPG (right tilting) (p < 0.05). Furthermore, significant differences in muscle activities between the groups were found on the right side of the lumbar multifidus muscles when performing anterior and left tilting during sitting (p < 0.05).
Discussion
In this study, the inclination angles, pressure distribution, and muscle activities among the CG, ALPG, ARPG, SG, SALPG, and SARPG were assessed when the participants performed anterior, posterior, left, and right pelvic tilting while in the seated position.
The ALPG, ARPG, and SG showed more tilted asymmetry angles to the posterior side than the anterior side during sitting. In contrast, the inclination angles of the SALPG and SARPG increased anteriorly compared to that of the CG, ALPG, ARPG, and SG. In the case of left and right pelvic tilting during sitting, the obliquity angles of the ALPG, SG, SALPG, and SARPG increased on the left side, while the angle variation of the ARPG decreased on the left side compared to the obliquity angle of the CG. Friberg [22] and Gofton [23] suggested that length asymmetry may affect pelvis deformation in the frontal and sagittal planes, and may negatively influence sitting posture in compensation. From the results of the study, it was confirmed that pelvic asymmetry and scoliosis can affect postural balance in the frontal and sagittal planes during sitting, and postural asymmetry increased in participants with both pelvic asymmetry and scoliosis more than pelvic asymmetry or scoliosis alone.
It has been reported that unbalanced sitting can cause pressure ulcers and advance deformation of the spine [24] . In this study, maximum forces and peak pressures of the subjects showed an asymmetrical pressure distribution caused by pelvic asymmetry and idiopathic scoliosis. However, there were no significant differences in the pressure distribution between the six groups. Bruyneel and Mesure [25] argued that AIS patients are in a learning situation during mediolateral destabilization in the seated position. This adaptability of dynamic strategies to stabilize the posture between the tests was more stable in the second and third tests than in the first test, and so body mass of the scoliosis patients was redistributed with no significant differences during dynamic sitting. On the other hand, Wang, et al. [26] reported the pelvic position in scoliosis patients could be associated with spinal alignment and sitting balance due to the lumbar spine being connected to the pelvis, which plays an important role in transferring the load. Therefore, the pressure distribution patterns of patients with scoliosis and pelvic asymmetry were changed by the asymmetry of the left pelvic. Additionally, there was no significant difference in the pressure distribution due to the correlation between the spine and the pelvis. This study's finding supported the hypothesis that differences in the height of the pelvis between the left and right sides and C-shaped curves with left convex sides can influence the pressure distribution during sitting.
Trunk muscle activities when performing anterior, posterior, left, and right tilting during sitting were analyzed to evaluate the correlation between pelvic asymmetry and scoliosis. Muscle activities of the external oblique muscles were different between pelvic asymmetry patients and patients with both scoliosis and pelvic asymmetry. In addition, there were only muscle contraction pattern changes in the SARPG compared to the ARPG. This meant that the curve direction in scoliosis patients may affect the muscle activities of the abdominal muscles during sitting. Odermatt, et al. [13] and Cheung, et al. [27] demonstrated that larger muscle activities have often been observed on the convex side. Increased thoracic erector muscle activities according to the direction of asymmetry in the pelvis and the convex side of the spine were observed in patients with both pelvic asymmetry and scoliosis during sitting. In contrast, asymmetrical muscle activation appeared in the lumbar erector spinae and lumbar multifidus muscles of the ALPG, ARPG, SALPG, and SARPG, regardless of the direction of pelvic asymmetry and scoliosis. Differences in muscle activity pattern in subjects with pelvic asymmetry and scoliosis between thoracic erector spinae, lumbar erector spinae, and lumbar multifidus muscles may be influenced by the curve type and region of scoliosis and by compensation strategies of the body to keep the trunk balanced during sitting. Mahaudens, et al. [28] demonstrated prolonged activation of quadrates lumborum and erector spinae muscles and the co-contractions between the spinal muscles on the convex side to stabilize the spine. In addition, adolescent idiopathic scoliosis patients have prolonged activities of erector spinae muscles, which cause structural bony spinal deformities such as pelvic asymmetry [29] .
Conclusion
The effects of pelvic asymmetry and idiopathic scoliosis in adolescents on postural balance were evaluated by measuring inclination angles, pressure distribution, and muscle activation patterns in the frontal and sagittal planes. The results obtained in this study indicated that pelvic asymmetry and idiopathic scoliosis in adolescents can affect the postural balance in frontal and sagittal planes during sitting and can compound asymmetry in pelvic asymmetry with idiopathic scoliosis. Also, differences in the height of the pelvis, as well as region and direction of the scoliosis, can influence the unbalanced sitting pressure distribution and prolong the asymmetrical muscle activity patterns of external oblique, thoracic erector spinae, lumbar erector spinae, and lumbar multifidus muscles. Consequently, it was concluded that pelvic asymmetry and idiopathic scoliosis can have a significant effect on postural balance, pressure distribution, and trunk muscle activity.
Furthermore, this paper suggests that a structure of unstable board may be utilized to assess the effects of asymmetrical postural balance and muscle activity caused by pelvic asymmetry and scoliosis on the physical activities and exercise capabilities of adolescent patients in their daily lives.
